The effects of Nd or Zr addition on microstructure and mechanical properties of casting Mg-Zn-RE alloy have been investigated. The results indicate that the optimum contents of Nd and Zr are 0.5% and 0.3% respectively. The less or higher contents all increase grain size and accelerate the formation of shrinkage porosity, and thus decrease tensile properties and change fracture regime from transgranular mode to intergranular mode during tensile tests. The Mg-Zn-RE ternary phases transform from W (Mg 3 Zn 3 (Nd,Y) 2 ) in turn into W + Z (Mg 12 Zn(Nd,Y)) and Z as the Nd content increases and their distribution gradually changes from small discontinuous lath form to continuous network form. The grain bonding strength of an alloy with a certain amount of W phase that distributes in a discontinuous form is high than that of the alloy with the Z phase, and thus the W phase is an ideal strengthening phase. The alloy with 0.5 Nd and 0.3% Zr, named ZW21 alloy, has the smallest grains and highest grain bonding strength, and so has the highest comprehensive mechanical properties. [
Introduction
Mg alloys are very attractive for lightweight structural applications in transportation industries because of their low density and high speci c strength and stiffness. 1) However, the mechanical properties of the most commonly-used Mg alloys cannot match the requirements of many applications due to their low mechanical properties. One of the main reasons is that Mg alloys are a family of relatively new metal materials and their potential has not been enough developed. The existing investigations reported that Mg-Zn-Y alloys exhibited high performance at room temperature as well as at elevated temperatures. 2) A Mg 97 Y 2 Zn 1 (in mol%) alloy produced by rapidly solidi ed powder metallurgy has a yield stress of more than 610 MPa and elongation of 5% at room temperature and a yield strength more than 380 MPa at 200 C. 3) The yield strength of Mg-Zn-Y cast alloys can be adjusted from 180 to 480 MPa through controlling their compositions. 4) That is, the mechanical properties of these Mg alloys are completely comparable to or higher than those of some high-strength Al alloys. So the Mg-Zn-Y alloys have been considered as an ideal candidate for developing advanced Mg alloys with high performance.
The authors have developed a new Mg-Zn-Y based alloy named ZW21 through orthogonal experiment method. 5) The as-cast ZW21 alloy has ultimate tensile strength (UTS) of 205 MPa, elongation of 18.25% and hardness 50 HV, and the mechanical properties can be further improved to 243 MPa, 23 .75% and 68.7 HV respectively after being properly heat treated. 6) In addition, both the contents of high-cost RE elements and large-density Zn element are obviously lower than those of the other common Mg-Zn-Y alloys. Namely, this alloy not only has higher mechanical properties, but also has lower cost and lighter density. So it should have large application potential in many civil elds besides aerospace. But our previous investigation only presented the optimum compositions through orthogonal experiment method and the ef-fects of heat treatment on microstructure and mechanical properties, 5, 6) the reasons why the alloy with such a composition exhibits high mechanical properties were not involved. The alloy has a nominal composition of Mg-2Zn-1Y-0.5Nd-0.5Sn-0.3Zr-0.05Ca. The effects of Zn, Y, Sn and Ca on microstructure and mechanical properties have been discussed in elsewhere, [7] [8] [9] and so in this work, the effects of Nd and Zr have been investigated.
The increased attention for the Mg-Zn-Y alloys is originated from three Mg-Zn-Y ternary phases with speci c characteristics. The three phases refer to I phase (Mg 3 Zn 6 Y), W phase (Mg 3 Zn 3 Y 2 ) and Z or X phase (Mg 12 ZnY), and they all have high hardness. 10) The I and Z phases are coherent with α-Mg matrix, and thus the interface bonding with the matrix is very strong and can effectively retard basal slip. Therefore, the I and/or Z phase-containing alloys have high mechanical properties, especially good high-temperature mechanical properties. 2, 4, [10] [11] [12] [13] [14] [15] [16] But for the W phase, most of the existing investigations reported that it was not coherent with Mg matrix and the interface was easy to debond. 4, [17] [18] [19] [20] [21] Moreover, the W phase is also easy to crack. So the W phase-containing alloys always have relatively low mechanical properties. However, some investigations indicated that the W phase was bene cial for improving mechanical properties sometimes: the W phase could improve ductility; 4) when its volume fraction was between 11.2% and 17.5%, the alloys had superior strength due to the strong bonding interface between the W phase and Mg matrix; 22) the alloys containing W + Z phases exhibited higher comprehensive mechanical properties than those containing unique I or Z phase. 17, 18) In addition, the authors investigation also shows that the ZW21 alloy only has one ternary phase of W, but has higher mechanical properties than those Z-, Z + W-or W + I-containing alloys. 5) That is to say there is a dispute for the strengthening effect of W phase.
The formation of the three Mg-Zn-Y ternary phases is determined by Zn/Y ratio. 2, 4, [17] [18] [19] [20] [21] [22] [23] Nd has similar roles to Y in Mg-Zn-Zr alloys and can partially replace Y in the Mg-Zn-Y ternary phases. 24) So for the Nd-containing Mg-Zn-Y alloys, such as the ZW21 alloy, the Zn/Y ratio should be Zn/RE (RE includes Y and Nd). So far, a question then arises: both Y and Nd are all the needed elements for forming the ternary phases, and their roles or behaviors are completely same or have differences? The existing investigations have intensively investigated the effects of Zn/Y ratio on the formation of the ternary phases, the resulting microstructures and mechanical properties of as-cast or extruded alloys. 2, 4, 10, [17] [18] [19] [20] [21] [22] [23] Only one paper has involved the effects of Nd on the ternary phase formation and mechanical properties of as-cast Mg-Zn (-Y) alloys, but the similarities or differences between Y and Nd have not been indicated. 24) In addition, Zr is also a kind of necessary element for Mg-Zn-Y alloys and can signi cantly re ne primary α-Mg grains. 25) So the investigated alloys always have a minor amount of Zr. 4, 10, 11, [17] [18] [19] [20] [21] [22] [23] But the detailed effect of Zr amount has not been involved even if the Zr content obvious changed.
Therefore, in this work, only Nd or Zr amount was changed and the contents of the other elements were maintained constants same to those of the ZW21 alloy, the effects of Nd and Zr contents on the microstructures and mechanical properties of the resulting as-cast alloys were discussed.
Experimental
The nominal composition of the ZW21 alloy is Mg-2Zn-1Y-0.5Nd-0.3Zr-0.5Sn-0.05Ca. 5) The used raw materials are Mg, Sn, Ca pure metals, and Mg-30Y, Mg-30Nd and Mg-30Zr master alloys. The employed Nd and Zr contents are 0-3% and 0-0.7% respectively. When the Nd or Zr content changes, the other element contents maintain the constants same to those of the ZW21 alloys. According to the employed alloys compositions shown by Table 1 , all of the metals and master alloys were melted in a resistance furnace protected by a covering agent at 1023-1033 K. The melt was then rened by a kind of Mg-RE alloy special re ning agent and held for 10 min. Finally, the melt was poured into a permanent mould with several cavities with dimensions of Φ 16 × 150 mm at 983-993 K. Repeating the above procedures, some casting rods with different contents of Nd or Zr have been obtained.
One specimen with 10 mm long was cut from the center region of one casting rod with a given composition, and nished and polished. Then they were etched by 1% tartaric acid aqueous solution and observed on an optical microscope (OM) and a scanning electronic microscope (SEM). To conrm compositions of some structures or phases, some specimens were also analyzed by an electron probe microanalyzer (EPMA). To examine grain size, another set of metallographic specimens were prepared. The specimens were rst solutionized for 4 h at 798 K, and then were nished, polished and etched by 4% HNO 3 aqueous solution and observed on the OM. An average of at least three images with magni cation of 200 times was taken as the grain size of an alloy. An X-ray diffractometer was used to analyze the phase constituents. A differential thermal analyzer was employed to examine the phase transformations under a heating rate of 10 C·min −1 .
The other casting rods were machined into tensile bars with a gauge of Φ 8 × 40 mm. Tensile tests were carried out on a universal material testing machine in a strain rate of 2 × 10 −3 m·min −1 . An average of at least three tests was taken as the tensile properties of an alloy. The resulting fracture surfaces were observed on the SEM. Then the fracture surface specimens were cut into two parts along their central axis and the cross-section of one part were nished, polished and etched by 1% tartaric acid aqueous solution, and observed on the OM to show the side-views of the fracture surfaces. The hardness was examined using a HBRVU-187.5 Brinell-Rockwell-Vickers hardness tester. Figure 1 gives the microstructures of the alloys with different Nd contents. It shows that the primary dendrites of the alloy without Nd are quite developed ( Fig. 1(a) ). When 0.3% Nd is added, the dendrites are signi cantly re ned ( Fig. 1(b) ), and this re nement is enhanced as the addition amount increases ( Fig. 1(c) ). The dendrites become into ne and uniform equiaxed dendrites when the Nd content is up to 0.5% ( Fig. 1(c) ). However, the dendrites obviously coarsen again with further increasing the content ( Fig. 1(d) ). The variation of grain size can be more clearly seen from Fig. 2 . The quantitative examination indicates that the grain size of the alloy without Nd is 122 μm, but that of the alloy with 0.5% Nd is only 52 μm. However, the grain size signi cantly increases to 148 μm when 3% Nd content is added ( Fig. 3 ). That is the alloy with 0.5% Nd (i.e., the ZW21 alloy) has the smallest Table 1 Nominal compositions of the employed alloys. grain size among the employed alloys. In addition, it can be found that the branches of the dendrites become more obvious as the Nd content increases although their morphologies always maintain the equiaxed dendrite shape ( Fig. 1 ). This implies that the increased Nd element generates more interdendritic eutectics, which separate the neighboring dendritic arms from each other. It is known that the equilibrium solute partition coef cient k 0 of Nd in α-Mg is less than 1. 26) The effect of Nd on grain size can be explained by growth restriction factor (GRF). 27) In the case of k 0 < 1, the GRF increases as the solute content C 0 increases. A large GRF does not only imply that a large numbers of solute atoms agglomerates on the front of growing crystals and thus restricts crystal growth, but also means that the growing crystal generates large constitutional supercooling quickly and thus accelerate nucleation. Based on this standpoint, the variation of grain size with increasing the Nd content from 0% to 0.5% can be well explained.
Results and Discussion

Effect of Nd content on microstructure
In fact, the alloy without Nd has 1% Y. As indicated by the present result, its grain size is 122 μm. But for the alloy with 0.5% Y and 0.5% Nd, the total RE amount is also 1% and the grain size is only 74 μm. 8) This implies that the mixture addition of Y and Nd has better grain re nement than the unique addition of Y when the total RE amount is given. Some existing investigations have highlighted that when two or more kinds of RE elements are added, the interaction between them can reduce their solubilities in the Mg matrix. 24, 28) Then the solute concentration in the residual liquid is increased and thus, the GRF is enhanced during solidi cation. So adding a proper content of Nd into Mg-Zn-Y alloys can improve grain re nement. The increase in grain size when the Nd content exceeds 0.5% is related to the change of the Mg-Zn-RE ternary phases, which has been discussed in the following text.
The XRD results indicate that the alloys with 0-1% Nd only have one ternary phase of W, while the alloy with 2% Nd has two phases of W and Z and that with 3% Nd only has the Z phase ( Fig. 4 ). As mentioned in the section of Introduction, the formation of the ternary phases depends on the Zn/Y ratio. 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Summarizing the existing investigations, the following rules can be concluded: Zn/Y < 0.6, only one ternary phase of Z can form; 0.6 < Zn/Y < 0.85, two phases of Z and W will form; 0.85 < Zn/Y < 2.05, only W phase can form. For the present work, the Zn/RE ratios of the alloys with 0%, 0.3%, 0.5%, 1%, 2% and 3% Nd are 2, 1.54, 1.33, 1, 0.67 and 0.5 respectively. So it can be found that the present results are completely consistent with these rules if the Zn/Y ratios are replaced by the Zn/RE ratios. That is, the role of Nd for forming the ternary phases is same to Y. Previous investigation showed that the W phase in Mg-Zn-Y-Nd alloy contained Nd element and the content was about 8.82%. 5) The added Sn element exists in the compound of Mg 2 Sn and the Zr element is in a form of Zr metal. Any Ca-riched phases have not been detected because of the low content of Ca ( Fig. 4) .
To show the distribution and morphology, and thus distinguish the ternary phases of W and Z, three typical alloys with unique W, mixture of W + Z and unique Z phase have been observed by SEM. For the W phase-containing alloy, it can be seen that the W phase in the thin interdendritic regions is in discontinuous lath form, while that in the boundary triangle junctions is in pocket form ( Fig. 5(a) ). In fact, the detailed morphology of the pocket form structures is in shbone-like laminar shape ( Fig. 5(b) ). 10, 22) As the Nd content increases, another ternary phase of Z forms in the thin interdendritic regions in a discontinuous lath form, and the W phase preferentially generates in the boundary triangle junctions ( Fig. 5(c) ) and is still in a laminar form ( Fig. 5(d) ). For the alloy with 3% Nd, only one ternary phase of Z forms in the interdendritic regions, and is in a discontinuous lath form ( Fig. 5 (e)) even if it distributes in the boundary triangle junctions ( Fig. 5(f) ). So it can be concluded that for each alloy, the kinds of the ternary phases observed from the SEM are consistent with those analyzed from the XRD. In addition, the above three typical alloys have been analyzed by DTA to further demonstrate the correctness of the above discussion. Figure 6 shows that all of the alloys have an endothermic peak at 921 K, the highest temperature that the peaks correspond to. So it can be expected that this peak should be related to the melting of primary α-Mg. For the W phase-containing alloy, it only has one peak at 786 K besides that at 921 K ( Fig. 6(a) ), and the W phase always forms through an eutectic reaction of L → W + α-Mg. 10, 11) So the peak at 786 K is resulted from the melting of the W + α-Mg eutectics. As the Nd content increases, the Z phase forms besides the W and α-Mg phases. The Z phase also forms from a eutectic reaction of L → α-Mg + Z. 10) Thus, the endothermic peak at 806 K should correspond to the melting of the α-Mg + Z eutectics besides the other two peaks originated from the W and α-Mg phases ( Fig. 6(b) ). When the Nd content increases to 3%, only one ternary phase of Z forms, and so the peak at 806 K in Fig. 6 (c) should be related to the melting of the Z phase as indicated above. Therefore, we can conclude that the formed ternary phases for each alloy suggested through DTA analysis are also completely consistent with those analyzed from the XRD and SEM. All of these show that the ternary phase will change from the unique W phase to the W + Z, and nally to the unique Z phase as the Nd content increases from 0% to 3%. Namely, the W phase will be gradually substituted by the Z phase with increasing the Nd content.
Considering the compositions of the W phase (Mg 3 Zn 3 RE 2 ) and Z phase (Mg 12 ZnRE), 3) we can nd that one Zn atom needs 2/3 RE atom for forming W phase, but one Zn atom needs one RE atom for forming Z phase. That is, the change from W phase to Z phase needs more Nd element when the Zn and Y contents maintain constants. It can be expected that the more needed Nd element must decrease the Nd content in the liquid phase during solidi cation, and thus decreases the GRF. 26) This should be the reason why the grain size increases when the Nd content exceeds 0.5% (Fig. 3 ). So we can suppose that the increase of the Nd content changes the kind of the Mg-Zn-RE ternary phases and then affects the primary grain size. Figure 7 shows that the hardness continuously increases as the Nd content increases, but the UTS and elongation rst signi cantly increase when the Nd content increases from 0% to 0.5% and then obviously decrease. From the above microstructure analysis, it is known that the total amount of the Mg-Zn-RE ternary phases increases with the Nd content. And all of the ternary phases belong to hard phase. 2, 4, [10] [11] [12] [13] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] So the hardness increases as the Nd addition increases. But for the tensile properties (UTS and elongation), it can be found that their changes are just opposite to that of the grain size (comparing Figs. 3 and 7) . Thus, the improved strengthening role and deformation coordination resulted from the grain renement should play an important role for the increase of the tensile properties as the Nd content changes from 0% to 0.5%. Of course, the decrease as the Nd addition exceeds 0.5% is related to the grain coarsening. In addition, the variations of the tensile properties also have large relation with the forma- tion of the Mg-Zn-RE ternary phases. It is known that the strengthening role of any kind of hard phase that distributes in interdendritic regions depends on its amount, size and morphology. A good strengthening role can be obtained when a certain amount of this phase uniformly distributes in small particles. Inversely, a continuous network distribution is harmful to tensile properties. In this work, the morphology of W or Z phase is not in particle shape, but its amount and distribution discontinuity should have large effect on its strengthening role. When the amount is less than a certain value, the strengthening role should be improved as the amount increases. But when the amount is higher than the certain amount, the strengthening role will be impaired due to the formation of continuous network distribution. For the present work, the change of the distribution can be obviously seen from Fig. 8 . The distribution continuity is gradually improved as the amount increases (comparing Fig. 8(a) and (b) ), and a continuous network distribution has formed when the Nd content increases to 2% ( Fig. 8(b) ). Therefore, it can be concluded that the change of the tensile properties as shown by Fig. 7 is also related to the amount and distribution of the ternary phases.
Effect of Nd content on mechanical properties
The variations in the amount and distribution of the ternary phases must affect the fracture regimes during tensile test, and thus the tensile properties. Figure 9 gives the fractographs of the alloys with different amounts of Nd. The main characteristic of the fracture surface for the alloy without Nd is that there are many deep grooves and cracks on it (marked by arrows in Fig. 9(a) ). From the side-view of the fracture surface, it can be seen that cracks almost propagate along the interdendritic regions ( Fig. 10(a) ). In addition, there are many grooves originated from the partial debonding of neighboring grains (marked by arrows in Fig. 10(a) ). These grooves should cor-respond to the grooves or cracks shown in Fig. 9(a) . All of these imply that the interdendritic regions are the alloy s weak points and the fracture belongs to intergranular regime. For the alloy with 0.5% Nd, there are some large-area smooth planes on the fracture surface (marked by arrows in Fig. 9(b) ) and its fracture obeys transgranular regime ( Fig. 10(b) ). Crack propagation across the center region of some grains generates the long straight edges (marked by arrows in Fig. 10(b) ). The straight edges should correspond to the smooth planes on the fracture surface shown in Fig. 9(b) . This implies that the grain bonding strength of this alloy is very strong. It is known that both the alloys without Nd and 0.5% Nd all have one ternary phase of W. But the W phase in the alloy without Nd is Mg 3 Zn 3 Y 2 while that in the alloy with 0.5% Nd is Mg 3 Zn 3 (Nd,Y) 2 . Considering the mechanical properties and fracture regime of these two alloys, it can be suggested that the grain bonding strength of the Mg 3 Zn 3 (Nd,Y) 2 containing alloy is higher than that of the low content Mg 3 Zn 3 Y 2 containing alloy. But the detailed reasons resulted in this result are not clear and should be further veri ed. It is just due to this result that the former alloy (the ZW21 alloy) has the highest comprehensive mechanical properties among the employed alloys ( Fig. 7) . That is to say the Nd-containing W phase is a kind of good strengthening phase.
Most of the existing investigations have proposed that W phase is a harmful phase and an alloy containing this phase always has relatively low mechanical properties. [17] [18] [19] [20] [21] The suggested reasons include two points. One is that the W phase is not coherent with Mg matrix and the interface is easy to debond. The other is that the W phase is very fragile and is easy to crack. But there is no solid evidence to show the debonding of W/α-Mg interface. The fragile feature and easy crack characteristic have been demonstrated by Xu s investigations. 4, 22) The results from Xu indicate that the grain debonding is attributed to the crack of interdendritic W phase itself, but not the W/α-Mg interface. The present result shows that the grain bonding strength of the W phase-containing alloy (ZW21 alloy) is very strong, cracks often develop across the grains and grain debonding resulted from the crack of W phase itself is rarely to be found. The main difference between the ZW21 alloy and the other investigated alloys is that the W phase compositions are different. The W phase in the present ZW21 alloy is Mg 3 Zn 3 (Nd,Y) 2 while that in the other existing alloys, similar to the present alloy without Nd, is Mg 3 Zn 3 Y 2 . 4, [17] [18] [19] [20] [21] So it can be suggested that the Nd and Y containing W phase is not easy to crack and the resulting grain bonding strength should be higher than that of the Y containing W phase. Of course, the strengthening role of the W phase also depends on its amount and distribution. Whatever, the Nd and Y containing W phase is an ideal strengthening phase when a given amount of this phase distribute in a discontinuous form.
As the Nd content increases to 2%, another ternary phase of Z forms besides the W phase. The fracture surface shows very fragile features and is characterized by protuberant particles and sunken pits ( Fig. 9(c) ). The side-view indicates that cracks frequently propagate along the interdendritic regions (marked by arrows in Fig. 10(c) ). That is, the grain debonding plays an important role for this alloy. The protuberant particles and sunken pits on the fracture surface should be resulted from the grain debonding. This means that the grain bonding strength is weakened due to the Z phase formation or the amount increase of the ternary phases. But the existing investigations indicate that the Z phase is always coherent with α-Mg matrix and the interface debonding is dif cult to occur. 2, 4, [10] [11] [12] [13] [14] [15] [16] It is found that a continuous network distribution has formed in this alloy ( Fig. 8(b) ). So we can suggest that the grain debonding is also resulted from the fracture of the interdendritic W and Z phases themselves.
For the alloy with 3% Nd, the most obvious characteristic of its fracture surface is the irregular pits or cracks that are likely resulted from solidi cation shrinkage ( Fig. 9(d) ). The above discussion on the microstructure indicates that this alloy has developed dendrites ( Fig. 1(e) ), so it is expected that shrinkage porosities are easy to generate during solidi cation. The interdendritic regions where the porosities exist are the weak points for this alloy. Thus, cracks propagate frequently along the interdendritic regions during tensile test and its fracture belongs to intergranular regime ( Fig. 10(d) ). This result implies that the Z phase-containing alloy also can fracture in an intergranular regime although the interface between the Z phase and α-Mg matrix is coherent. [2] [3] [4] [10] [11] [12] [13] [14] [15] So the coherent or incoherent bonding between the ternary phases and α-Mg matrix is not the decisive factor for grain bonding strength, but the microstructure compactness has large effect. In general, the alloy with transgranular fracture regime always has higher tensile properties than that with intergranular fracture mode. Based on this standpoint, the variation of tensile properties with the Nd content can also be well explained by the fracture regimes.
Therefore, we can conclude that the hardness continuously increases as the Nd content increases due to the increase of the ternary phase amount. The tensile properties rst increase as the Nd content increases from 0% to 0.5%, and then decrease when the Nd content exceeds 0.5%. The main reasons why the tensile properties change in such tendency include two aspects. One is the change of the ne-grain strengthening. The other is the variation of the ternary phase strengthening. As the Nd content increases within the range of 0-0.5%, the strengthening role is improved due to the grain re nement and increase of the ternary phase amount, and then is impaired because of the network distribution of the ternary phases, grain coalescence and shrinkage porosity. Correspondingly, the fracture regime during tensile tests changes from intergranular mode to transgranular mode, and nally to intergranular mode again. The W phase (containing Y and Nd) is an ideal strengthening phase if a certain amount of this phase distributes in a discontinuous form. The W phase-containing alloy may fracture in a transgranular mode while the Z phase-containing alloy can fracture in an intergranular regime. The alloy with 0.5% Nd (ZW21 alloy) has the smallest grains and its fracture obey transgranular regime, and thus has the highest comprehensive mechanical properties. Figure 11 presents the microstructures of the alloys with different amounts of Zr. It shows that a trace amount of Zr can signi cantly re ne the primary dendrites (comparing Fig. 11(a) and (b) ) and the re nement is enhanced as the Zr content increases (comparing Fig. 11(b) and (c)). A microstructure with ne equiaxed dendrites can be obtained when 0.3% Zr is added ( Fig. 11(c) ). But the dendrites then slightly coarsen as the Zr content is further increased (comparing Fig. 11(c) and (d) ). This change in grain size with the Zr content can be more obviously seen from the solutionized microstructures shown by Fig. 12 . The quantitative examination indicates that the addition of 0.3% Zr decreases the grain size from 178 μm to 52 μm (Fig. 13 ). It is known that Zr is an effective grain re ner for Mg-Zn-Y alloys. 25) From the Mg-Zr binary phase diagram, 28) it can be seen that the solubility of Zr in α-Mg is very small and a peritectic reaction of L + Zr → α-Mg can occur during solidi cation. Namely, pure Zr crystals rst crystallize during solidication and then take as the nucleation substrates of α-Mg and lead the primary α-Mg dendrites to be re ned. Figure 14(a) shows that there is always a small particle to exist in the center of each equiaxed dendrite (marked by arrow in Fig. 14(a) ). EPMA result shows that the particle is rich in Zr element ( Fig. 14(b) ) and the Zr content is up to 81.83% (Fig. 14(c) ). The Mg, Zn and Sn should be resulted from the α-Mg matrix around the particle. So it can be suggested that the particle is pure Zr crystal and the nucleation substrate of the α-Mg dendrite. The present result is consistent with the suggestion proposed by the existing investigations. 25, 29) In fact, the grain coarsening when grain re ner is excessive is a common phenomenon. The reason is that the nucleation substrates may coarsen and settle when excessive re ner is added. Both the coarsening and settlement all decrease the nucleation efciency and then increase the grain size. The present XRD re-sults also shows that there is no other Zr-containing compounds or phases to form except the Zr particles ( Fig. 4) , which is consistent with the existing results. 4, [10] [11] [12] [17] [18] [19] [20] [21] [22] [23] So we can conclude that the Zr role is to re ne α-Mg dendrite through heterogeneous nucleation and the optimum addition content is 0.3%. Both decreasing and increasing Zr content all leads the grain size to increase. Figure 15 gives the variations of the mechanical properties with the Zr content. It shows that the three mechanical properties all obviously increases as the Zr content increases from 0% to 0.3%, and then the hardness slightly increases while the UTS and elongation decrease when the Zr content exceeds 0.3%. Namely, the alloy with 0.3% Zr (i.e. the ZW21 alloy) has the highest comprehensive mechanical properties. In view of the variation of grain size discussed in Section 3.3, the variations of the tensile properties, similar to those with the Nd content, can be well interpreted by grain re nement strengthening mechanism.
Effect of Zr content on microstructure
Effect of Zr content on mechanical properties
The fracture surface of the alloy without Zr shows obvious porosity characteristics (marked by arrow in Fig. 16(a) ). The porosity should be resulted from the solidi cation of the developed dendrites ( Fig. 11(a) ). So the interdendritic regions are the weak points for this alloy and its fracture obeys intergranular regime ( Fig. 17(a) ). When Zr grain re ner is added, the dendrites are re ned, and thus the porosity is suppressed and the grain bonding strength becomes more and more strong. So the crack propagation during tensile testing gradu- ally changes along the interdendritic regions to across the dendrites, resulting in the formation of straight edges (marked by arrows A in Fig. 17(b) ). The straight edges (also including the straight edges resulted from grain debonding) should correspond to the quite smooth planes as shown by arrows A in Fig. 16(b) . The grooves shown by arrow B in Fig. 17(b) are resulted from grain debonding and correspond to the deep pits shown by arrows B in Fig. 16(b) . When 0.3% Zr is added, cracks almost completely develop across the dendrites ( Fig. 10(b) ). This change should be attributed to the improved grain bonding strength due to the decreased porosities. When the Zr content exceeds 0.3%, the dendrites then become more and more developed again and porosities also increase again. Figure 16 (c) shows that there are some large pits on the fracture surface and the microstructure of the pit bottom is quite loose. It is just due to the porosities that cracks frequently propagate along the interdendritic regions ( Fig. 17(c) ). The large grooves marked by arrows in Fig. 17(c) are resulted from grain debonding and correspond to the large pits in Fig. 16(c) . It is just due to the porosity formation and grain size increase to lead the mechanical properties to decrease. In summary, Zr also has large effect on the mechanical properties of the alloys. This effect operates through changing the development degree of primary dendrites (or the dendrite size) and porosity formation. The alloy with 0.3% Zr (i.e. the ZW21 alloy) has the smallest grain size and the densest microstructure, so it has the highest comprehensive mechanical properties. The less or higher content than 0.3% may increase the dendrite size and accelerate the formation of porosities, and thus decrease the tensile properties. Correspondingly, the fracture regime, similar to effect of Nd, also changes from intergranular mode in turn to transgranular mode and intergranular regime as the Zr content increases from 0 to 0.7%.
Conclusions
(1) The grain size of the Mg-Zn-Y alloy decreases as the Nd content increases from 0% to 0.5%, and then becomes developed again. Simultaneously, the Mg-Zn-RE ternary phase changes from W in turn into W + Z and Z as the Nd content increases to 3%. Their distribution gradually varies from small discontinuous lath form to continuous net-work form as their amount increases. The expressions of the W and Z phases should be Mg 3 Zn 3 (Nd,Y) 2 and Mg 12 Zn(Nd,Y) respectively due to the addition of Nd. (2) The mixture addition of Y and Nd has better grain re nement than the unique addition of Y or Nd when the total RE amount is given. The increase in grain size when the Nd content exceeds 0.5% should be attributed to the decrease of growth restriction factor that is caused by the phase change from W to Z. (4) The hardness continuously increases as the Nd content increases due to the amount increase of the ternary phases. The tensile properties rst increase as the Nd content is increased from 0% to 0.5%, and then decrease when the Nd content exceeds 0.5%. The main reasons why the tensile properties change in such tendency includes two aspects. One is the change of the grain re nement strengthening. The other is the change of the ternary phase strengthening. (5) The fracture regime during tensile tests changes from intergranular mode to transgranular mode as the Nd content increases from 0% to 0.5%, and then to intergranular mode again. The main factor that affects the fracture regime is the grain bonding strength that is determined by the composition of W phase and shrinkage porosities.
The grain bonding strength of the W phase (Mg 3 Zn 3 (Nd,Y) 2 ) containing alloy is high than that of the W phase (Mg 3 Zn 3 Y 2 ) containing alloy. (6) The optimum concentration of Zr in the used alloys is 0.3% and its role is to re ne grains through taking as nucleation substrates. The less or higher content may increase grain size and thus, accelerate the porosity formation and lead the fracture regime change from transgranular mode to intergranular form. Of course, the resulting tensile properties also decrease. (7) The Nd-containing W phase is an ideal strengthening phase if a certain amount of this phase distributes in a discontinuous form. The alloy with 0.5 Nd and 0.3% Zr, named ZW21 alloy, has the smallest grains and highest grain bonding strength, and thus has the highest comprehensive mechanical properties.
